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Abstract The growth of intermetallic compounds (IMCs) on the free surface of 99Sn-1Cu solder joints
perpendicular to the interdiffusion direction has been investigated in this work. The specimens were
specifically designed and polished to reveal a flat free surface at the solder/Cu interface for investigation.
After aging at 175°C for progressively increased durations, the height of the perpendicular IMCs was
examined and found to follow a parabolic law with aging duration that could be expressed as ,
where t is the aging duration in hours and y is the height of the perpendicular IMCs in μm. For comparison,
the planar growth of IMCs along the interdiffusion direction was also investigated in 99Sn-1Cu/Cu solder
joints. After prolonged aging at 175°C, the thickness of the planar interfacial IMC layers also increased
parabolically with aging duration and could be expressed as , where h is the
thickness in μm and t is the time in hours. It was found that both the planar and perpendicular growth of
the IMCs were diffusion-controlled processes, but the perpendicular growth of the IMCs was much slower
than their planar growth due to the longer diffusion distance. It is proposed that Cu3Sn forms prior to theformation of Cu6Sn5 in the perpendicular IMCs, being the reverse order compared with the planar IMCgrowth.
Keywords (separated by '-') Solder joint - planar growth of IMCs - perpendicular growth of IMCs - interdiffusion - growth rate -
formation sequence of IMCs
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12 The growth of intermetallic compounds (IMCs) on the free surface of 99Sn-1Cu
13 solder joints perpendicular to the interdiffusion direction has been investi-
14 gated in this work. The specimens were specifically designed and polished to
15 reveal a flat free surface at the solder/Cu interface for investigation. After
16 aging at 175C for progressively increased durations, the height of the per-
17 pendicular IMCs was examined and found to follow a parabolic law with aging
18 duration that could be expressed as y ¼ 0:11
ffiffi
t
p
, where t is the aging duration
19 in hours and y is the height of the perpendicular IMCs in lm. For comparison,
20 the planar growth of IMCs along the interdiffusion direction was also inves-
21 tigated in 99Sn-1Cu/Cu solder joints. After prolonged aging at 175C, the
22 thickness of the planar interfacial IMC layers also increased parabolically
23 with aging duration and could be expressed as hIMC ¼ 0:27
ffiffi
t
p
þ 4:6, where h is
24 the thickness in lm and t is the time in hours. It was found that both the
25 planar and perpendicular growth of the IMCs were diffusion-controlled pro-
26 cesses, but the perpendicular growth of the IMCs was much slower than their
27 planar growth due to the longer diffusion distance. It is proposed that Cu3Sn
28 forms prior to the formation of Cu6Sn5 in the perpendicular IMCs, being the
29 reverse order compared with the planar IMC growth.
30 Key words: Solder joint, planar growth of IMCs, perpendicular growth of
31 IMCs, interdiffusion, growth rate, formation sequence of IMCs
32 INTRODUCTION
33 In electronic devices, the interconnections be-
34 tween components are normally formed by reflow-
35 ing solder alloys. During such reflow, the reactions
36 between the solder and substrate are essential to
37 the formation of reliable solder interconnects.
38 However, the interfacial intermetallic compound
39 (IMC) layers produced during reflow can grow con-
40 tinuously during subsequent service due to inter-
41 diffusion and solid-state reactions, particularly
42 when devices are exposed to elevated temperature.
43 Excessive growth of interfacial IMC layers can sig-
44 nificantly deteriorate the mechanical integrity of
45the entire solder joint because of the incompatible
46mechanical properties of the interfacial IMC layers
47in comparison with the solder alloy and sub-
48strate.1–3 Hence, growth of IMCs at the solder/sub-
49strate interface has received continuous attention
50from researchers.4–8
51The interfacial IMC layers extensively investi-
52gated in literature normally cover the entire sol-
53der/substrate interface and grow along the direction
54of interdiffusion between the solder and sub-
55strate.4–8 Therefore, this type of interfacial IMC
56layer is termed the planar IMC layer in this work,
57as illustrated in Fig. 1. Moreover, IMCs (i.e., Cu-Sn
58IMCs) can also protrude out of the free surface of
59solder joints, perpendicular to the diffusion direc-
60tion within the solder joint,9 as illustrated in Fig. 1.
61This is termed the perpendicular IMC in this work.(Received February 23, 2015; accepted September 4, 2015)
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62 In contrast to the numerous works reported on
63 characterization of planar IMCs in solder joints, the
64 perpendicular growth of IMCs has seldom been
65 investigated. The mechanism of the perpendicular
66 growth of IMCs also remains unclear. In electro-
67 migration tests, it was suggested that such per-
68 pendicular IMCs were ‘‘squeezed out’’ by
69 compressive stress induced by current stressing at
70 the interface in the solder joint.9,10 However, study
71 on the spreading of IMCs implied that interdiffusion
72 of atoms on the free surface can also result in
73 growth of IMCs on the free surface.11
74 In this study, the perpendicular growth of IMCs
75 was investigated in specifically designed 99Sn-1Cu/
76 Cu solder joints. The top surface of the solder joints
77 was polished and profiled using a white-light
78 interferometer after gradually prolonged aging at
79 175C to measure the height of the perpendicular
80 IMCs. Scanning electron microscopy (SEM) was
81 employed to examine the morphology of the per-
82 pendicular IMCs from the top, and cross-sectional
83 views were prepared by focused ion beam (FIB). In
84 comparison, the ordinary planar growth of interfa-
85 cial IMC layers at the 99Sn-1Cu/Cu interface was
86 also characterized by grinding and polishing to re-
87 veal the cross-section of the solder joints after aging
88 at the same temperature for increasing periods.
89 Correlations and differences between the IMC
90 growth along these two directions are also pre-
91 sented.
92 EXPERIMENTAL PROCEDURES
93 Perpendicular Growth of IMCs
94 To investigate the perpendicular growth of IMCs, a
95 pocket with dimensions of 15 mm 9 15 mm 9
96 2.5 mm was machined within a Cu (purity 99.9%)
97 specimen. A proper amount of 99Sn-1Cu solder was
98 placed in the pocket and reflowed in an oven. During
99 reflow, a thermocouple was attached to the specimen
100 to monitor its temperature. After reflow, the speci-
101 menswere groundand polished to ensure that the top
102 surface across the solder/Cu interface was smooth in
103 one plane. The specimen after polishing is shown
104 schematically in Fig. 2a.
105 The four specimens were then stored in an oven at
106 temperature of 175C to facilitate the perpendicular
107growth of IMCs at the solder/Cu interface (as illus-
108trated by the red region in Fig. 2b). After aging for
109every 168 h until 1132.5 h, the specimens were re-
110moved from the oven after cooling. The height of the
111perpendicular IMCs on the polished top surface was
112then measured using a white-light interferometer
113(Zygo NewView 5000) at the same location for a gi-
114ven specimen. The areas of the scanned regions
115were no smaller than 1.5 mm 9 1.0 mm to ensure
116reliability of the obtained morphology of the speci-
117mens. The obtained surface morphology data were
118then converted into a series of profiles to calculate
119the average height of the perpendicular IMCs on the
120specimen.
121After these measurements, SEM was used to
122examine the perpendicular IMCs from the top. FIB
123was also utilized to mill the specimen across the
12499Sn-1Cu/Cu interface to reveal the cross-section of
125the perpendicular IMCs after aging. However, mil-
126ling the samples with FIB should be carefully
127planned as it could potentially introduce several
128types of artificial damage in the specimens: (1) the
129polished sample surface could be seriously damaged
130in a wide range during the milling and imaging with
131the ion beam in FIB; (2) the reliability of the mea-
132sured heights of the perpendicular IMCs could be
133affected due to damage of the IMCs on the top sur-
134face; (3) the large hole in the sample and the fresh
135surface left by milling could lead to significant oxi-
Fig. 1. Planar and perpendicular growth of IMCs at the 99Sn-1Cu/
Cu interface in solder joints.
Fig. 2. Schematics of (a) specimen for characterizing perpendicular
growth of IMCs and (b) perpendicular growth of IMCs (the red region)
on the top surface of the specimen after aging.
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136 dation of the sample in subsequent aging. Hence,
137 cross-sectioning with FIB was implemented only
138 after finishing all the aging and measurements, to
139 minimize its potential influence on the reliability of
140 the measured heights of the perpendicular IMCs.
141 Planar Growth of IMCs
142 For comparison with the perpendicular growth of
143 IMCs on solder joints after aging, another set of
144 99Sn-1Cu solder was reflowed on polished Cu (pu-
145 rity 99.9%) substrate using the same reflow condi-
146 tions as in ‘‘Perpendicular Growth of IMCs’’ section,
147 to investigate the planar growth of IMCs within
148 solder joints. The six specimens were then stored in
149 an oven at 175C to promote the planar growth of
150 IMCs after reflow. After aging for every 168 h, the
151 specimens were ground and polished to reveal the
152 cross-section of the solder joint, as illustrated in
153 Fig. 3. The interfacial Cu6Sn5 and Cu3Sn layers
154 which grew along the interdiffusion direction were
155 then revealed by etching with ethanol (80 vol.%)
156 and hydrochloric acid (20 vol.%) solution. An
157 Olympus BX60 M microscope was utilized for
158 observation of the planar interfacial IMC layers.
159 The interfaces between the solder, Cu6Sn5, Cu3Sn,
160 and Cu in the microscope images were fit with tra-
161 ces using Image-Pro image analysis software.
162 Hence, the average thickness of a specific IMC layer
163 could be derived by calculating the mean distance
164 between two adjacent traces.
165 RESULTS
166 Perpendicular Growth of IMCs
167 The perpendicular IMCs on the 99Sn-1Cu/Cu
168 samples were examined by SEM and profiled with
169 the Zygo NewView 5000 after aging for every 168 h.
170 Figure 4a, c and e illustrates the morphological
171 evolution of the perpendicular IMCs on the top
172 surface of 99Sn-1Cu solder joints after progressively
173 prolonged aging. Examples of surface profiles from
174 the corresponding specimens are shown in Fig. 4b, d
175 and f, leveled with the Cu part in the profile to re-
176 move the effect of the angle between the specimen
177 and the instrument during scanning. Before aging,
178the surface of the 99Sn-1Cu solder joints was
179smooth across the solder/Cu interface after polish-
180ing, as illustrated in Fig. 4a. No perpendicular
181IMCs could be identified. Correspondingly, there is
182no notable peak at the solder/Cu interface in the
183surface profile in Fig. 4b. The height difference be-
184tween the solder part and Cu surface was probably
185due to the higher polishing rate on the softer solder
186in comparison with the polishing rate on the Cu
187during sample preparation.
188After aging at 175C for 168 h, a line of IMCs was
189observed to protrude out of the surface at the solder/
190Cu interface, as shown in Fig. 4c. The spikes of the
191perpendicular IMCs can also be identified in the
192corresponding surface profile in Fig. 4d. The aver-
193age height of the perpendicular IMCs can be esti-
194mated to be about 0.5 lm, with the Cu surface as
195reference. When the aging was extended to
1961132.5 h, the perpendicular IMCs grew significantly
197in both height and width, as illustrated in Fig. 4e,
198and the height of the perpendicular IMCs increased
199to approximately 1.5 lm (Fig. 4f).
200FIB was then utilized to reveal a cross-sectional
201view of the perpendicular IMCs at the solder/Cu
202interface after aging for 1132.5 h (Fig. 5). It is evi-
203dent that the perpendicular IMCs on the sample
204surface were dendritic along several specific direc-
205tions, which is different from the layer-type inter-
206facial IMC layers within solder joints. Both Cu6Sn5
207and Cu3Sn phases can be found in the perpendicular
208IMCs, with the Cu3Sn at the bottom of the dendrites
209close to the Cu/Cu3Sn interface. The ‘‘root’’ of the
210perpendicular IMCs was a Cu-rich region, so the
211Cu3Sn phase was probably produced before the
212formation of Cu6Sn5 in the initial perpendicular
213growth of IMCs,12–14 as discussed further in ‘‘Com-
214parison of Growth Mechanisms’’ section below.
215Furthermore, it can also be observed that the Cu/
216Cu3Sn interface and Cu3Sn/Cu6Sn5 interface in the
217planar IMCs shifted towards the Cu side near the
218sample surface. In contrast, the Cu6Sn5/solder
219interface remained at a similar position within the
220same region.
221The perpendicular IMCs on the sample surface
222were profiled using the Zygo NewView 5000 after
223aging. A series of surface profiles (grey region in
224Fig. 6a) could then be extracted from the obtained
225surface morphology across the solder/Cu interface,
226from which an average surface profile of the region
227could be derived (red profile in Fig. 6b). The height
228of the perpendicular IMCs was then evaluated by
229calculating the height difference between the peak
230and the Cu surface in the average profile of the
231scanned region. The relation between the heights of
232the perpendicular IMCs and the aging duration is
233plotted in Fig. 6b. Each data point in the figure
234represents the average height of the perpendicular
235IMCs from four specimens. It can be seen that the
236height of the perpendicular IMCs generally in-
237creased linearly with the square root of the aging
238duration, which can be expressed as
Fig. 3. Schematic of the specimen for investigating the planar
growth of IMCs within 99Sn-1Cu/Cu solder joints after aging at
175C
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y ¼ 0:11
ffiffi
t
p
; (1)
240
241 where t is the aging duration in hours and y is the
242 height of the perpendicular IMCs in lm. The para-
243 bolic correlation between the height of the perpen-
244 dicular IMCs and the aging duration indicates that
245 the perpendicular growth of the IMCs on the free
246 surface of the solder joints is a diffusion-controlled
247 process.15,16
248 Planar Growth of IMCs
249 For comparison, the planar growth of IMCs along
250 the interdiffusion direction between the solder and
251 Cu was also studied by aging and etching. Figure 7
252shows a comparison of the planar IMCs in a 99Sn-
2531Cu/Cu solder joint before aging and after aging at
254175C for 1006.5 h. It can be observed that the
255interfacial IMC layers grew significantly, from
256about 5 lm before aging to approximately 15 lm
257after aging for 1006.5 h. The morphology of the
258planar IMC layers also transformed from dendritic
259to layer type after aging.
260Furthermore, only an interfacial Cu6Sn5 layer
261can be identified at the solder/Cu interface in
262Fig. 7a. The absence of a Cu3Sn layer can be at-
263tributed to the insufficient reflow time for formation
264of an interfacial Cu3Sn layer before cooling
17–19 or
265the low magnification of the microscope. After
266aging, the Cu6Sn5 layer thickened notably and a
Fig. 4. Top views showing evolution of perpendicular IMCs after aging at 175C for (a) 0 h, (c) 168 h, and (e) 1132.5 h, and (b, d, f) example
surface profiles from corresponding specimens.
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267 layer of Cu3Sn was produced between the Cu6Sn5
268 layer and Cu substrate, as illustrated in Fig. 7b.
269 The thicknesses of the interfacial Cu6Sn5, Cu3Sn,
270 and entire IMC layers were measured using the
271 method explained in ‘‘Planar Growth of IMCs’’ sec-
272 tion and are plotted as a function of aging duration
273 in Fig. 8. Each data point in the figure is the aver-
274 age thickness of six specimens, and the error bar
275indicates the standard deviation of the measure-
276ments. The linear fitting was based on the under-
277standing that the planar growth of interfacial IMC
278layers is primarily dominated by the opposing dif-
279fusion of Sn and Cu atoms during aging, following a
280parabolic law with aging duration.20 Figure 8 shows
281that the curve fitting result is a close approximation
282to the measured thickness of the interfacial IMC
283layers after increasing aging durations, and the
284relation can be expressed as
hIMC ¼ 0:27
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tþ 4:6
p
;
hCu6Sn5 ¼ 0:16
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tþ 4:1
p
and hCu3Sn ¼ 0:17
ffiffi
t
p
;
(2)
286
287where t is the aging duration in hours and h is the
288thickness of each layer in lm. In comparison with
289the diffusion coefficients reported in Ref. 20, the
290value obtained in this work is within a reasonable
291range. Equation 2 also implies that the planar
292growth of IMCs is governed by the interdiffusion
293between the solder and Cu during aging.15,16 The
294constants in this equation, 4.6 and 4.1, indicate the
295initial thickness of the IMC layer before aging. They
296are supposed to be the same, since only a Cu6Sn5
297layer can be observed before aging (Fig. 7a)). The
298minor variation between them could be due to error
Fig. 5. Cross-sectional view of perpendicular IMCs at 99Sn-1Cu
solder/Cu interface after aging at 175C for 1132.5 h. The platinum
(Pt) on the top was used to protect the materials beneath from
damage by the ion beam during FIB milling.
Fig. 6. Perpendicular growth of IMCs versus aging duration: (a)
example series of surface profiles derived from the scanned region of
a specimen, with the solid highlighted line as the mean value of the
multiple measurements represented in the grey region; (b) average
height of perpendicular IMCs versus the square root of aging dura-
tion.
Fig. 7. Observation of planar IMC layers at the 99Sn-1Cu solder/Cu
interface (a) before aging and (b) after aging at 175C for 1006.5 h.
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299 in the measurements and curve fitting. From Fig. 8,
300 it can also be found that the thickness of the inter-
301 facial Cu3Sn and Cu6Sn5 layers did not follow a
302 strict linear relation with the aging duration. This
303 can be ascribed to the deviation in the measurement
304 and the different initial states of the sites randomly
305 chosen for measurement.
306 DISCUSSION
307 As presented in ‘‘Results’’ section, both perpen-
308 dicular and planar growth of IMCs occurred at the
309 solder/Cu interface, depending on the opposing
310 interdiffusion of Sn and Cu atoms during aging.
311 However, there are several differences between the
312 growth of the IMCs in these two directions.
313 Movement of Cu3Sn/Cu6Sn5 and Cu3Sn/Cu
314 Interfaces
315 The cross-section of the 99Sn-1Cu/Cu solder joint
316 revealed by FIB illustrates that the Cu6Sn5/Cu3Sn
317 and Cu/Cu3Sn interfaces moved towards the Cu side
318 near the surface of the 99Sn-1Cu/Cu solder joint, as
319 shown in Fig. 5. In contrast, the Cu6Sn5/solder
320 interface remained relatively more consistently
321 within the same region. This shift of the Cu6Sn5/
322 Cu3Sn and Cu/Cu3Sn interfaces leads to significant
323 expansion of the Cu6Sn5 layer and a decrease in the
324 thickness of the Cu3Sn layer. Given the composi-
325 tions of the Sn and Cu elements in these two types
326 of IMC, it can be deduced that the concentration of
327 Sn grows remarkably near the free surface of the
328 solder joint.
329 In the region close to the sample surface, both
330 bulk and surface diffusion of Sn atoms can con-
331 tribute to the movement of Sn atoms during aging.
332 However, for the region farther from the surface, Sn
333 atoms can only move by bulk diffusion. Therefore,
334 the increase in the Sn concentration near the sam-
335 ple surface indicates that the surface diffusion of Sn
336atoms is much faster than their bulk diffusion in
337solder joints, which obeys the general observation
338that surface diffusion is faster than bulk diffu-
339sion.21,22
340Furthermore, this increase of the concentration of
341Sn also indicates a drop in the fraction of Cu atoms
342near the surface of the solder joints. Because the
343major diffusion mechanism for both Cu and Sn
344atoms is surface diffusion in this region, it is rea-
345sonable to conclude that the surface diffusion of Sn
346atoms is much faster than the surface diffusion of
347Cu atoms. Otherwise, the Cu-rich Cu3Sn phase
348would expand instead of the Sn-rich Cu6Sn5 phase
349and the Cu3Sn/Cu6Sn5 interface and Cu6Sn5/solder
350interface would move towards the solder side near
351the sample surface.
352Comparison of Growth Mechanisms
353For the planar growth of IMCs in solder joints,
354the IMC layers at the solder/Cu interface are nor-
355mally formed during reflow. Although the existence
356of a Cu3Sn layer in Sn-based solder/Cu solder joints
357after reflow remains controversial, it is generally
358accepted that the formation of Cu6Sn5 and Cu3Sn is
359not simultaneous, with the former being prior to the
360latter.23–26 In contrast, in perpendicular IMCs, the
361Cu3Sn is produced first, followed by the formation of
362Cu6Sn5. These opposite formation sequences of
363Cu6Sn5 and Cu3Sn in the perpendicular and planar
364IMCs can be primarily attributed to the different
365proportions of Sn and Cu atoms in the correspond-
366ing regions.
367The initial formation of a planar Cu6Sn5 layer in a
368solder joint (i.e., a 99Sn-1Cu/Cu solder joint in this
369work) relies on the reaction between liquid solder
370and Cu during reflow. When the liquid solder is in
371contact with solid Cu, Cu6Sn5 is generated quickly
372due to the comparable concentration of Sn and Cu
373atoms in a localized region until the Cu6Sn5 layer
374covers the entire solder/Cu interface27 (Fig. 9a). The
375growth of Cu6Sn5 in subsequent aging is primarily
376based on the reaction 6Cu + 5Sn fi Cu6Sn5.
28
377The growth of Cu3Sn in planar IMCs during aging
378can be attributed to two possible mechanisms: the
379reaction between Sn and Cu (3Cu + Sn fi Cu3Sn)
380and the transformation of Cu6Sn5 (Cu6Sn5 +
3819Cu fi 5Cu3Sn).
29 Both mechanisms suggest that
382the formation of a Cu3Sn layer requires a Cu-en-
383riched region.30 Therefore, a Cu3Sn layer can only
384be produced when the concentration of Sn is low
385enough at the Cu6Sn5/Cu interface. This can happen
386only after the thickness of the interfacial Cu6Sn5
387layer exceeds a certain threshold and the number of
388free Sn atoms near the Cu side is sufficiently re-
389duced by the increasing diffusion distance (Fig. 9b).
390Therefore, the formation of Cu3Sn is always after
391the formation of Cu6Sn5 in planar growth of IMCs
392(Fig. 9c). The subsequent growth of Cu3Sn can be
393attributed to the decomposition of Cu6Sn5 due to the
Fig. 8. Correlation between growth of interfacial IMC layers and
aging duration at 175C.
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394 lack of Sn atoms at the Cu6Sn5/Cu3Sn interface and
395 the possible reaction between Sn and Cu atoms at
396 the Cu/Cu3Sn interface.
29
397 In contrast, the perpendicular growth of IMCs
398 starts at the Cu side in the 99Sn-1Cu/Cu solder joint
399 during aging (as shown in Figs. 4c and 5), which is
400 probably due to the faster surface diffusion of Sn
401 atoms as suggested in ‘‘Movement of Cu3Sn/Cu6Sn5
402 and Cu3Sn/Cu Interfaces’’ section. At the beginning
403 of the perpendicular growth of the IMCs, the dis-
404 tance for diffusion of Cu atoms is negligible. How-
405 ever, Sn atoms need to diffuse through the entire
406 planar Cu6Sn5 layer and a part of the planar Cu3Sn
407 layer to react with Cu atoms. Therefore, the pro-
408 portion of Cu atoms is much higher than the pro-
409 portion of Sn atoms in the region where
410 perpendicular IMCs start growing. This Cu-rich
411 region can lead to the formation and growth of
412Cu3Sn (Cu + 3Sn fi Cu3Sn) before production of
413any Cu6Sn5 (Fig. 10a) during aging, as reported by
414other researchers.12–14
415After the initial formation of Cu3Sn, the subse-
416quent perpendicular growth of IMCs can be divided
417into two directions: the height direction and the
418width direction. For the height direction, when the
419Sn atoms reach the root of the perpendicular IMCs
420by diffusion, a part of the Sn can react with Cu
421atoms (Cu + Sn fi Cu3Sn) to contribute to the
422perpendicular growth of the Cu3Sn phase. However,
423the Sn and Cu atoms are not necessarily completely
424consumed by this reaction, because of the high
425activation energy required for formation of
426Cu3Sn.
31,32 Hence, the rest of the Sn and Cu atoms,
427possibly the majority of them, are able to move
428further to the frontier of the perpendicular Cu3Sn
429by surface diffusion (and possibly a minor part of
Fig. 9. Schematic of growth characteristics of planar IMCs: (a) formation of initial Cu6Sn5 phase; (b) distribution of free Sn and Cu atoms at the
interface due to diffusion process; (c) formation of Cu3Sn at the Cu6Sn5/Cu interface due to higher concentration of Cu.
Fig. 10. Formation of Cu3Sn and Cu6Sn5 in perpendicular IMCs: (a) formation of Cu3Sn and diffusion at the beginning of aging; (b) schematic
illustration of the number of free Sn and Cu atoms within perpendicular IMCs from the bottom to top; (c) formation of Cu6Sn5 after Cu3Sn grows to
a certain height and movement of Cu6Sn5/Cu3Sn and Cu3Sn/Cu interfaces towards the Cu side. (SD: surface diffusion, BD: bulk diffusion).
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430 bulk diffusion because of the small volume of Cu3Sn
431 present). The distance for diffusion of free Sn and
432 Cu atoms along the height direction increases with
433 the perpendicular growth of the Cu3Sn present. As
434 discussed in ‘‘Movement of Cu3Sn/Cu6Sn5 and
435 Cu3Sn/Cu Interfaces’’ section, the surface diffusion
436 of Cu atoms is much slower in comparison with the
437 surface diffusion of Sn atoms. Hence, with the per-
438 pendicular growth of the IMCs, the number of free
439 Cu atoms in the perpendicular IMCs decreases
440 much faster than the number of Sn atoms (as
441 illustrated in Fig. 10b). This can result in a drop in
442 the concentration of free Cu atoms at the frontier of
443 the perpendicular Cu3Sn. When the perpendicular
444 Cu3Sn is high enough and the diffusion distance for
445 Sn and Cu atoms reaches a certain value, the frac-
446 tions of Cu and Sn atoms become comparable. This
447 can then lead to the formation and growth of Cu6Sn5
448 at the top of the perpendicular IMCs
449 (6Cu + 5Sn fi Cu6Sn5) (Fig. 10c). Hence, the for-
450 mation of Cu6Sn5 can only happen after the forma-
451 tion and growth of Cu3Sn in the perpendicular IMCs
452 in the height direction.
453 In thewidth direction, the Cu6Sn5/Cu3Sn interface
454 in the planar IMCs moves towards the Cu3Sn side
455 (Figs. 5 and 10c) near the sample surface due to the
456 much faster surface diffusion of Sn atoms during
457 aging. Because of the greater supply of Sn atoms in
458 comparison with the supply of Cu, a part of or even
459 the entire Cu-rich Cu3Sn phase present could be
460 gradually transformed to Sn-rich Cu6Sn5 phase
461 (2Cu3Sn + 3Sn fi Cu6Sn5)
33 in both perpendicular
462 IMCs (illustrated by the Cu3Sn phase in dashed lines
463 in Fig. 10c) and the planar IMCs near the sample
464 surface. This decomposition of theCu3Snphase could
465 also happen at the Cu6Sn5/Cu3Sn interface in the
466 perpendicular IMCs to facilitate growth of Cu6Sn5
467 along the height direction. On the other hand, the
468 Cu3Sn/Cu interface in the planar IMCs also moves
469 towards the Cu side near the sample surface because
470 of the faster surface diffusion of Sn atoms. New
471 Cu3Sn can also be produced near the new Cu3Sn/Cu
472 interface by the reaction 3Cu + Sn fi Cu3Sn in
473 both the planar and perpendicular IMCs (Fig. 10c),
474 since this is a Cu-rich region.
475 Comparison of Growth Rates
476 A comparison of the growth rates of the perpen-
477 dicular and planar IMCs is illustrated in Fig. 11. It
478 is evident that the perpendicular growth of IMCs is
479 much slower than the planar growth of interfacial
480 IMC layers. Consequently, the thickness of the
481 planar IMCs after aging is several times greater
482 than the height of the perpendicular IMCs after
483 aging for similar periods.
484 The lower growth rate of the perpendicular IMCs
485 can be primarily ascribed to the longer diffusion
486 distance of Sn and Cu atoms and the limited and
487 decreasing supply of both Sn and Cu atoms in the
488 perpendicular growth, though the surface diffusion
489of Cu and Sn that contributes to the perpendicular
490growth of IMCs is believed to be much faster than
491their bulk diffusion in the planar growth.
492For the perpendicular growth of IMCs, the sum
493diffusion distance of both Sn and Cu atoms gener-
494ally consist of the thickness of the planar IMC lay-
495ers and the height of the perpendicular IMCs,
496Dperpendicular = Hplanar IMCs + Hperpendicular IMCs,
497where Dperpendicular is the sum diffusion distance of
498both Sn and Cu for the perpendicular growth of
499IMCs, Hplanar IMCs is the thickness of the planar
500IMC layers, and Hperpendicular IMCs is the height of
501the perpendicular IMCs. However, for the planar
502growth of IMCs within the solder joint, the total
503diffusion distance for both Sn and Cu atoms is the
504thickness of the planar IMC layers, Dplanar =
505Hplanar IMCs, where Dplanar is the sum diffusion dis-
506tance of both Sn and Cu atoms for planar growth of
507IMCs. Due to the additional height of the perpen-
508dicular IMCs (Hperpendicular IMCs) in the diffusion
509path, it is reasonable to conclude that the diffusion
510distance for perpendicular growth of IMCs is always
511longer than the diffusion path for planar growth of
512IMCs, Dperpendicular> Dplanar.
513The available free Sn and Cu atoms for producing
514the two types of IMCs can also significantly affect
515the growth rates along the two directions. The
516supply of Sn and Cu atoms in the planar growth of
517IMCs basically relies on the opposing diffusion from
518the adjacent solder and Cu substrate at the two
519sides of the IMC layers (as illustrated in Fig. 9c),
520which can be regarded as infinite. However, for the
521perpendicular growth of IMCs, the Sn and Cu atoms
522need to pass the planar IMC layers by surface dif-
523fusion and bulk diffusion before they can reach the
524root of the perpendicular IMCs (Fig. 10a). During
525diffusion, both Sn and Cu atoms can possibly be
526captured by the reactions that contribute to the
527planar growth of IMCs, particularly the Sn atoms
528from the solder side. The significant expansion of
Fig. 11. Comparison of perpendicular and planar growth of IMCs at
the solder/Cu interface during aging at 175C.
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529 the planar Cu6Sn5 layer near the sample surface in
530 Fig. 5 can be attributed to Sn atoms captured dur-
531 ing surface diffusion from the solder to the bottom of
532 the perpendicular IMCs. Hence, unlike the infinite
533 supply of Sn and Cu atoms in the planar growth of
534 IMCs, the supply of free atoms to the perpendicular
535 growth of IMCs is limited.
536 After the Sn and Cu atoms reach the root of the
537 perpendicular IMCs, they need to diffuse further
538 from the bottom to the top (Fig. 10c), so that the
539 height of the perpendicular IMCs can grow during
540 aging. Because of the increasing diffusion distance
541 due to the perpendicular growth of the IMCs, the
542 numbers of free Sn and Cu atoms that can con-
543 tribute to the perpendicular growth drop continu-
544 ously during aging, as illustrated in Fig. 10b.
545 Consequently, the limited and decreasing number of
546 available Sn and Cu atoms can significantly retard
547 the perpendicular growth of IMCs during aging,
548 which is different from the planar growth of IMCs.
549 Potential Effects of Perpendicular Growth of
550 IMCs
551 It has been reported that the growth of Cu6Sn5
552 and Cu3Sn during aging can induce stress evolution
553 within interfacial IMC layers due to volume
554 shrinkage resulting from the density increase in
555 solid-state reactions.34 It is reasonable to assume
556 that the growth of planar IMC layers in this work
557 can also induce build-up of residual stress during
558 aging. Similar to the effect of the growth of Sn
559 whiskers,35 perpendicular growth of IMCs may
560 partly release this residual stress at the solder/Cu
561 interface.35 On the other hand, the residual stress in
562 solder joints may also facilitate the perpendicular
563 growth of IMCs, based on the suggestion that the
564 perpendicular IMCs in solder joints after electro-
565 migration tests were ‘‘squeezed out’’ by compressive
566 stress.9,10 However, the effect of the stress on the
567 planar growth of IMCs remains uncertain, deserv-
568 ing further study.
569 Similar to the effect of Sn whiskers, perpendicular
570 growth of IMCs can also possibly lead to failure of
571 fine-pitch packages. In electronic packages, though
572 there is no specifically prepared free surface, the
573 perpendicular IMCs can still grow into the gap be-
574 tween two adjacent solder joints, which is perpen-
575 dicular to the diffusion direction. When the pitch is
576 reduced below 50 lm (as in three-dimensional pack-
577 ages), the gap between two adjacent microbumps is
578 only 10 lm to 20 lm.36,37 In this case, perpendicular
579 growth of IMCs is very likely to lead to shorts, which
580 could be worse if the packaging density increases
581 further in the future. Furthermore, protruding IMCs
582 could be fractured into particles under vibration or
583 mechanical loads. These loose IMC particles are also
584 harmful to device reliability.
585 The risk of shorts due to perpendicular IMCs can be
586 minimized by underfilling. It has been suggested that
587 void-free encapsulation, suchas conventionalflip-chip
588underfill, can well suppress growth of Sn whiskers to
589prevent electrical shorts.38 This means that good
590encapsulation canalso retardperpendicular growth of
591IMCs to prevent the resulting shorts. However, if the
592packaging density increases further, the decreasing
593gap between two adjacent microbumps could possibly
594bring significant challenges in achieving void-free
595encapsulation39 and promote the possibility of elec-
596trical shorts. Hence, the perpendicular growth of
597IMCs should be further investigated in the future.
598CONCLUSIONS
599Planar and perpendicular growth of Cu-Sn IMCs
600in 99Sn-1Cu/Cu solder joints were studied after
601aging. From the cross-sectional views of perpendic-
602ular IMCs revealed by FIB, it was found that the
603morphology of the perpendicular IMCs was den-
604dritic, which is different from the layer-type planar
605IMCs. Furthermore, the Cu/Cu3Sn and Cu3Sn/
606Cu6Sn5 interfaces within the solder joint moved to-
607wards the Cu side near the sample surface, which
608can be ascribed to faster surface diffusion of Sn
609atoms within this region.
610The formation sequence of Cu6Sn5 and Cu3Sn in
611the perpendicular IMCs was also found to be oppo-
612site to that in planar IMC layers within solder
613joints. In perpendicular IMCs, the formation of
614Cu3Sn is prior to the formation of Cu6Sn5, because
615of the high concentration of Cu atoms where the
616perpendicular growth of IMCs starts. However, the
617Cu6Sn5 is believed to form before the Cu3Sn in
618planar interfacial IMC layers, since a Cu-rich region
619is required to produce Cu3Sn in planar IMC layers.
620Both the planar and perpendicular growth of
621IMCs follow a parabolic law with aging duration,
622indicating that the growth was dominated by
623interdiffusion of Sn and Cu atoms during aging.
624However, the perpendicular growth of IMCs was
625much slower than the planar growth of IMCs. This
626can be attributed to the longer diffusion distance
627and the limited supply of Sn and Cu atoms in the
628perpendicular growth of IMCs during aging.
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